Parts of the sandy littoral sediment of a Precambrian shield lake (Lake 302s) were intermittently covered with a layer of flocculent organic-rich material l-20 mm thick. Sandy sediments with flocculent surface sediment had higher rates of respiration (31-105%) and photosynthesis (37-224%) than those without. Densities of invertebrate macrofauna were 10 times higher in the flocculent surface sediment than in the underlying sandy sediment, accounting for 17 vs. 5% of the total respiration, Microprofiles of oxygen concentration showed that almost all of the dissolved oxygen in the overlying water was consumed as it diffused through 5-7 mm of the flocculent surface sediment, so that the underlying sandy sediment was almost completely anaerobic in the presence of flocculent surface material. The presence of flocculent surface sediment also decreased the depth of penetration of sulfate into the sandy sediment since the zone of sulfate reduction was located closer to the sediment-water interface. In this experimentally acidified lake, neutralization of H,SO, via sulfate reduction was more rapid (2.04 x 10-l mmol H+ m-2 d-l) in the presence of surface flocculent sediment than in its absence (1.57 x 10-l mmol H+ m-2 d-l).
One commonly observes patches of highly organic flocculent material on the surface of the sandy littoral sediments of lakes. This flocculent surface sediment is composed of material produced in situ, material transported from the underlying sediment, and material of allochthonous and autochthonous origin that has sedimented from the trophogenic layer. The quantity and distribution of the flocculent material is related to rates of resuspension and bottom transport (Bloesch 1982; Gons and van Keulen 1983) , lake morphometry (Hakanson 198 l) , and activities of bottom-dwelling animals. Seasonal quantitative and qualitative changes in seston also affect its rate of accumulation (Molongoski and Klug 1980) as does the distribution of algae on the sediment surface (Kingston et al. 1983; HappeyWood and Priddle 1984) . In contrast to consolidated sediments and cyanobacterial mats, this material is as much part of the water as of the sediment because it is easily resuspended, mixed, and transported. This flocculent surface sediment is normally found on the surface of the more consolidated sandy littoral sediments. The living community growing on littoral sediment, either in the flocculent surface material or on the sand, is known as the epipelic community (Round 1973; Gons 1982) and is composed of benthic algae, bacteria, fungi, viruses, and zoobenthos.
Previous studies of metabolic activity in sediments have not distinguished between the flocculent surface sediment and the underlying sediment (Wetzel 1964; Hargrave 1969; Graneli 1978) . The relative contributions of the organisms in these two sites to total metabolic activity in sediment are microbiological nature of the underlying sediment.
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Methods
Description of study area -The study was carried out in Lake 302S, a small Canadian shield lake located in the Experimental Lakes Area (Brunskill and Schindler 197 1) . The dominant sediment types in the littoral zone are bedrock, boulders, and stones (75%), and sand (25%). Below 3-6 m of water, the predominantly inorganic sediment is permanently covered with organic-rich sediment. Experimental acidification of this lake began in 1982 with the addition of 2.2 1 x lo3 kg of H,SO, during the ice-free season (method as by Schindler et al. 1980) ; the preacidification pH of about 6.6 was reduced to 5.7-6.1 in 1982 by these additions.
Sediment mapping-Sediment types and the percentages of the littoral sediments covered by flocculent surface sediments were determined by two SCUBA divers simultaneously swimming eight transects of the lake.
Measurement of rates of sediment respiration and photosynthesis-Rates of photosynthesis by benthic algae and rates of sediment respiration were determined in situ by measuring changes in dissolved inorganic carbon (DIC) with time in transparent and opaque Plexiglas chambers sealed to the sediment surface (Fig. 1) . The method used was a modification of those described by Schindler et al. (1973) and Turner et al. (1983) . A SCUBA diver pressed the edges of the chambers 4 cm into the sediments. Vents in the sides of the chambers minimized currents and disturbance of the sediment-water interface inside the chamber as it was being placed. Wings on the sides rested on the sediments, weighted with a lead-filled sock which encircled the chambers, providing stability and a tight seal. After 10 min, the vents were stoppered and initial triplicate 2-ml samples taken by syringe through the serum stoppers for DIC analyses. Before and after each sampling, the contents of the chamber were mixed by an impeller (Fig. 1) at a stirring rate below the suspension limit of the particulate material. Six chambers were used for each experiment, one set of three (two opaque and one transparent) in sandy sediments that had a flocculent surface layer (5-7 mm) and a second set in sediments without a flocculent layer; the two sets were always ~2 m apart. The chambers were sampled every l-2 h during a 6-h incubation period. The DIC samples were analyzed by infrared analyzer (Turner et al. 1983) .
Calculations -Assuming primary production to be proportional to the incident surface light, and assuming equality of respiration in the light and dark (errors derived from these assumptions are discussed by Harris 1978 and Turner et al. 1983) , we can calculate daily gross production (DGP) as follows:
where Cd and CZ are DIC changes in dark intervals with a platinum microelectrode and light chambers (mg liter-l), I/ is cham-mounted on a motor-driven threaded rod ber volume ( 1.95 liter), A is sediment sur-assembly (Kelly and Rudd 1984) . The cores face area (0.024 m2), Id is daily incident had either no flocculent surface material or solar radiation (PEinst m-2), and Ii is incia layer 5-7 mm thick. Oxygen profiles were dent solar radiation during the incubation measured in the dark in cores that had been period (PEinst m-2). Solar radiation was stored in the dark for 0.5 h or in the light measured with a cosine-corrected flat plate in cores that had been exposed to in situ collector (LI-1905) . DGP is expressed as mg light intensity (N 200 PEinst m-2 s-l) for 0.5 C m-2 d-l. The mean irradiance at depth h. Oxygen concentrations are expressed as Z(Zz) during the incubation period is ex-a percentage of the surface water concenpressed in PEinst m-2 s-l.
tration. Daily respiration was calculated as follows:
Measurement of ditfusion across the sediment-water interface-The effect of flocculent sediment on diffusion of dissolved substances into the sediment porewater was examined by adding equal quantities of 3H20 to the surface water of four cores, two with no flocculent sediments and the other two with 5-mm layers of flocculent material. After 18 h of incubation at in situ temperature, the surface water was removed from the cores and the sediment sliced into 1 -cm sections. The sections were centrifuged at 10,000 rpm for 30 min and the concentration of 3H20 in the extracted porewater was analyzed by liquid scintillation spectrometry with 1 ml of water and 19 ml of Instagel (Packard).
CdV 24 Rd=Axe where e is incubation time (h) and all other parameters are as in Eq. 1. Rd is expressed as mg C m-2 d-l. The constancy of respiration during the dark incubation period was determined by following the increase of DIC in the chambers with time. The linearity is expressed as a correlation coefficient with 2 df. Only chambers with a final 0, concentration of at least 50% of the initial concentration were used.
Sampling-For experiments in the laboratory, cores were taken by diver from between 1.3-and 1.7-m depth in 5-cm-diameter x 15-cm Plexiglas core tubes. The tops and bottoms of the core tubes were stoppered just before their removal from the sediments.
Macrofaunal respiration-Rates of macrofaunal respiration in the flocculent surface sediment were determined in the laboratory from six sealed cores with 7-mm flocculent layers. They were incubated in the dark for 2 h at in situ temperature (23°C) to determine initial respiration rates; the macrofaunal biomass in four of the cores was then doubled by adding the macrofauna removed from four other cores. The other two cores were kept as controls. Rates of macrofaunal respiration were calculated over the following 2 h as the increase in the rate of DIC accumulation in the four cores with added macrofauna over that in the two control cores.
O2 profiles-Profiles of porewater oxygen concentration in undisturbed. cores, obtained as before, were recorded at 0.7-mm Different oxygen regimes are imposed on the surface of the sandy sediment by the presence or absence of flocculent surface sediment. We tested the effect of this difference on the diffusion and reduction of sulfate in the sandy sediments by simulating the oxygen conditions associated with each system. The surface water of two cores was replaced by lake water which had been deoxygenated by bubbling with nitrogen gas; two others were open to the atmosphere. None of these cores had flocculent sediment. After 48 h of incubation at in situ temperature, the cores were sliced and the porewater was extracted as described above. Sulfate concentrations were analyzed with a Dionex ion chromatograph.
Sediment bufiring-Twelve 1 O-cm cores of littoral sediment overlain with 800 ml of water were used to determine the contribution of surface flocculent sediment to buffering of the overlying water. Six of the cores had a flocculent surface layer 12 mm thick, six had none. The cores were acidified to pH 5.1 with H2S04, and the pH was monitored for 15 days at in situ temperature with a normal day-night cycle. Chemical analyses -Dry weight, organic carbon, and nitrogen content of the flocculent surface sediments and the underlying sandy sediments were determined in sediment pushed upward in the cores and sliced with a sharp blade at 0.3-cm intervals by methods of Stainton et al. (1977) .
Results
The water content of the flocculent surface sediment was about 85% and of the underlying sandy sediment about 44% (Table 1). The organic carbon content of the flocculent surface sediment was about seven times that of the underlying sandy sediment. Intermediate values were found at the interface of the flocculent and sandy sediment and at the interface of sandy sediment and the water. About 60% of the littoral sandy sediment (O-5-m depth) was covered with flocculent surface sediment (Table 2) , varying in thickness from 1 to 20 mm. About 15% of the bedrock and boulder areas between 0-and l-m depth and 90% below 1 m were covered by flocculent material.
The rates of respiration in sediments in 16 chambers at depths from 0.2 to 3.2 m were all linear with time during the period of incubation (P > 0.9). Both respiratory and photosynthetic rates were increased up to 2-3 times when flocculent surface sediment was present (Table 3) .
The contribution of the macrofauna to total respiration was 3.41 mg C m-2 h-l, or 17%, in sediment with flocculent material and 0.5 1, or 5%, in sediment without (Table  4) . Copepods, cladocerans, and oligochaetes were the dominant macrofaunal groups in the flocculent surface sediments (Table 5) .
In the dark, with 6.5 mm of surface flocculent sediment, the oxygen at the surface of the sandy sediment was entirely removed after 30 min (Fig. 2) ; in the light, a trace of oxygen penetrated about 1 mm into the sandy sediment (Fig. 3) . Calculations of rates of porewater diffusion using our 3H20 data show that the oxygen profiles from cores held in darkness or light for 0.5 h represented close to steady state (assuming that rates of photosynthesis and respiration were constant during the incubation period: R. Hesslein).
In both light and dark, the oxygen gradients were steeper in the flocculent material than in the sandy sediment (Figs. 2, 3) , confirming the much faster respiration rate in the former than in the latter (Table 3) . The higher photosynthetic rates in the flocculent than in the sandy sediment are reflected by the larger maxima of oxygen concentration (Fig. 3) . In both light and dark, average depths of 10 and 0% oxygen penetration were greater in the sandy than in the flocculent sediment (Table 6 ). Oxygen penetration was not substantially affected by light in the sandy sediment, but penetration depth was greater in the light than in the dark in the presence of flocculent sediment (Table 6) .
Porewater profiles of 3H20 were of a similar slope in the presence or absence of 5 mm of flocculent material (Fig. 4) , showing that the physical characteristics of the flocculent surface material were such that a conservative dissolved substance would diffuse similarly into sediments with or without it. However, the redox conditions imposed by the flocculent material appeared to affect the penetration of reducible substances such as sulfate. When the presence of flocculent material was simulated by the removal of oxygen from the surface water of two cores, the zone of sulfate reduction moved closer to the sediment-water interface (Fig. 5) .
In the cores with and without 12 mm of flocculent surface sediment and the surface water acidified to pH 5.1, the pH increased by 1.46 units over 15 days in the cores with flocculent material and by 0.59 units in the cores without. These pH changes were equivalent to 2.04 and 1.57 x 10-l mmol H+ m-2 d-l (Table 7) .
Discussion
Rates of respiration and of photosynthesis of sandy sediments with a surficial layer of flocculent material (5-7 mm) were nearly twice those in sandy sediment only, including the macrofaunal community. Thus, on an areal basis, the activity of the epipelic community in 5-7 mm of flocculent surface material was almost equal to the entire microbial activity of the sandy sediment. Both microbial and macrofaunal respiratory activities were faster in the flocculent layer than in the underlying sediment (Table 4) . Most of the respiratory activity in both flocculent and sandy sediments was due to microbial activity (83 and 95%).
The respiration rates measured in the sediment fell within the range (O-40 mg C m-2 h-l) measured over a wide range of temperatures in other studies by the O2 consumption method (Hargrave 1969; Graneli 1978) or by the 14C method (Wetzel 1964) . These other studies did not distinguish between the contributions of flocculent surface sediment and the underlying sediment. Gons and van Keulen (1983) removed the flocculent surface sediment by suction and then Table 4 . Total and macrofaunal respiration (mg C m-2 h-l) of sandy sediments with and without flocculent surface sediments (7 mm) taken from 1.5-m depth, Lake 302S, 23 July 1983.
Total respiration (n = 4) (*SD)
Macrofaunal respiration (n = 4) (&SD) analyzed its rate of metabolism; this material had a dark oxygen uptake rate of between 5 and 50 mg C m-2 h-l. Ours is the first attempt to examine the relative contribution of flocculent surface sediment to total sediment respiration and photosynthesis.
Rates of water column primary production in ELA lakes are linearly related to the ratio of the area of the epilimnetic sediment to the volume of the epilimnion, as would be expected if nutrient input from recycling in epilimnetic sediments is an important component of total nutrient input and if the recycling occurred in the near-surface sediments (Fee 1979) . Our study suggests that an important site of this nutrient recycling could be the surface flocculent material. We have shown that respiration in a layer of this material a few millimeters thick, resting on the interface of the sandy sediment, can be more important than that of all of the underlying sediment. The activity is probably high because the flocculent material is composed of organic material recently deposited and produced within the layer; this type of organic material is most quickly decomposed in sediments, and its decomposition is most affected by acidification of lake water (Kelly et al. 1984) . Turner et al. (1983) have used the in situ chamber-DIC technique to measure epilithic photosynthesis in Lake 239 at ELA. On a sunny midsummer day they measured an average value of littoral photosynthesis for this community of 77 mg C m-2 d-l, close to that we measured for photosynthesis of the sandy sediment without flocculent surface material (89 mg C m-2 d-l, 0-1.5-m Table 6 . Depth in sediment of oxygen levels at 10 and 0% of the overlying water concentration, in cores with and without flocculent surface sediments (7-8 mm); measured in the light (n = 4) or in the dark (n = 4) (200 PEinst m-2 s-l). Lake 302S, August 1983. T-l,0 cpm 05mlik104 Fig. 4 . Porewater concentrations of 3Hz0 in duplicate cores of lake 302s sediment taken from 1.5-m depth with and without 5 mm of flocculent surface sediment. depth: Table 3 ). Their epilithic photosynthetic rate was, however, only half the rate that we measured for the epipelic community in the presence of surface flocculent material (189 mg C m-2 d-l, O-l .5-m depth: Table 3 ).
In addition to differences in absolute rates, the relative rates of photosynthesis vs. respiration were also different in the epipelic and epilithic communities. Turner et al. (1983) found that rates of epilithic photosynthesis were greater than rates of respiration within that community. In contrast, we found that in the epipelic community . Porewater concentrations of sulfate in two sets of duplicate cores taken from a depth of 1.5 m in Lake 302s. One set of duplicates was incubated for 24 h in the dark at in situ temperature with surface water exposed to atmospheric oxygen. Dissolved oxygen was removed from the surface water of the second set of duplicate cores which were then sealed and incubated as described previously. Surface flocculent material was absent from all of these cores. Table 7 . Final pH in 800 ml of the overlying water of cores with (n = 6) and without (n = 6) 12 mm of flocculent surface sediments 15 days after acidification to pH 5.1 with H,SO.,, Lake 302S, August 1983. With (&SD) 6.56(+0.16) Without (*SD) 5.69(f0.24) rates of respiration exceeded rates of photosynthesis both in the absence and in the presence of flocculent surface material (Table 3). This relatively greater rate of respiration in the epipelic community resulted in an oxygen concentration profile within the flocculent layer that had a peak near the upper surface followed by a very steep gradient in oxygen concentration to almost 0% at the bottom of the flocculent layer (Fig.  3) .
Presence of flocculent surface sediment had a strong influence on the oxygen concentration in the top centimeter of the sandy sediment, a very active site of microbial decomposition (Figs. 2, 3) . When 5-7 mm of flocculent material were present, the top centimeter of sandy sediment was almost entirely anaerobic, and this was only slightly affected by whether oxygen was being produced in the top l-2 mm of the flocculent material (Table 6) .
It seems likely then that, in the presence of flocculent surface material, the location of various anaerobic processes would move upward in the sandy sediment in response to the depth of the oxic/anoxic interface. In fact, this was the case for sulfate reduction when we simulated the presence of flocculent material by removing oxygen from the surface water of cores and the depth of penetration of sulfate into the sandy sediment was decreased from 40 to 15 mm (Fig. 5) . This difference in penetration depth was not due to an inhibition of diffusion of sulfate into the sediment by the flocculent material, since for this experiment that variable was eliminated. We also examined the question of diffusion rates through the flocculent surface material. The gradients of 3H2Q were similar with or without a covering of flocculent material, indicating that the rate of diffusion into the sediment was not detectably altered in the presence of 5 mm of flocculent material (Fig. 4) . We conclude from these experiments (Figs. 4, 5 ) that the upward movement of the zone of sulfate reduction was in response to the anaerobic condition caused by the high rates of respiration in the flocculent surface layer and not to effects on diffusion of sulfate into the sediment. It is likely that the locations of other types of bacterial processes such as N03-, Fe3+, and CO2 reduction would respond in a similar manner.
In addition to the effect of the flocculent surface layer on the location of sulfate reduction within the sandy sediments, it is probable that part of the zone of sulfate reduction was located in the flocculent surface layer itself. We believe this to be the case because of the higher rate of consumption of H+ by sediment in the presence of flocculent surface material ( Table 7) . The reduction of sulfate to iron sulfides or organic sulfides is a hydrogen-ion-consuming process and, in epilimnetic sediments, is known to be an important source of buffering in experimentally acidified lakes (Kelly and Rudd 1984; Cook et al. 1986) .
The responses to the surface flocculent material observed in our experiments occur intermittently in the lake, since the percentage of the sediment surface that is covered varied frequently during the summer. On the day of our survey, about 60% of the littoral sandy sediments were covered (l-20 mm: Table 2 ). Above the 1 -m depth contour daily variation was common. On windy days, for example, a SCUBA diver observed that the flocculent material was moved by water currents (M. Turner pers. comm.). Large areas of sediment covered with flocculent material on one day could be completely devoid of flocculent material the next day. On other occasions, probably depending on wind conditions, the flocculent material remained in place for several days or weeks.
The duration and intensity of the anoxia resulting from respiration in the flocculent surface layer has implications for the study of microbial activities affected by redox conditions, including the permanence of sulfuric acid removal from lake water via precipitation of reduced sulfur in se&-ments. When the flocculent surface sediment is disturbed, exposing previously COVered sandy sediment, some of the reduced sulfur could be reoxidized to sulfuric acid, reducing the long term efficiency of buffering by sulfate reduction (Kelly and Rudd 1984) . There was evidence that this was happening in our experiments. When all of the flocculent surface sediment was removed from two cores and the cores then incubated with oxygen present in the surface water, the initial sulfate concentration in the surface water increased from 100 to a final concentration of 145 pmol liter-' (Fig. 5) . Thus, it is important to consider the accumulation and duration of occurrence of this material when interpreting the results of short term experiments.
When a flocculent surface layer of even a few millimeters thickness is present, its metabolic activity can account for the major part of the total sediment photosynthesis and respiration. Also, the presence of flocculent material imposed redox conditions on the underlying sediment that profoundly affected the location of microbial activities in the sediment. These findings indicate that the flocculent surface material is an important contributor to whole lake metabolism and that better knowledge of its spatial and temporal distribution is needed.
